Apigenin (4V ,5,7-trihydroxyflavone) is a promising chemopreventive agent abundantly present in fruits and vegetables that has been shown to promote cell cycle arrest and apoptosis in various malignant cell lines. To determine whether pharmacologic intervention with apigenin has a direct growth inhibitory effect on human prostate tumors implanted in athymic nude mice, we examined cell cycle regulatory molecules as precise molecular targets of apigenin action. Apigenin feeding by gavage to these mice at doses of 20 and 50 Mg/mouse/d in 0.2 mL of a vehicle containing 0.5% methyl cellulose and 0.025% Tween 20 resulted in significant decreases in tumor volume and mass of androgen-sensitive 22Rv1 and androgen-insensitive PC-3-implanted cells. Oral intake of apigenin resulted in dose-dependent (a) increase in the protein expression of WAF1/p21, KIP1/p27, INK4a/p16, and INK4c/p18; (b) down-modulation of the protein expression of cyclins D1, D2, and E; and cyclin-dependent kinases (cdk), cdk2, cdk4, and cdk6; (c) decrease in retinoblastoma phosphorylation at serine 780; (d) increase in the binding of cyclin D1 toward WAF1/p21 and KIP1/p27; and (e) decrease in the binding of cyclin E toward cdk2 in both types of tumors. In addition, apigenin feeding resulted in stabilization of p53 by phosphorylation at serine 15 in 22Rv1 tumors, which seems to exhibit p53-dependent growth inhibitory responses. Apigenin intake by these mice also resulted in induction of apoptosis, which positively correlated with serum and tumor apigenin levels. Taken together, this is the first systematic in vivo study showing the involvement of cell cycle regulatory proteins as potential molecular targets of apigenin. [Mol Cancer Ther 2006;5(4):843 -52] 
Introduction
One of the most desirable goals in cancer chemoprevention is the identification of natural agents with demonstrable efficacy against defined molecular targets. Cancer chemoprevention is a means of cancer control in which a malignancy is prevented or reversed by pharmacologic intervention with naturally occurring and/or synthetic agents (1, 2) . Apigenin (4V ,5,7-trihydroxyflavone) is a naturally occurring nontoxic, nonmutagenic plant flavonoid commonly present in fruits and vegetables with proven anti-inflammatory and anticarcinogenic effects in various animal tumor model systems (3 -5) . Apigenin has been shown to suppress angiogenesis in melanoma and carcinoma of the breast, skin, and colon (6 -10) . The effects of apigenin seem to be primarily mediated through suppression of the expression of hypoxia-inducible factor 1-a, cyclooxygenase-2, nitric oxide synthase-2, vascular endothelial growth factor, and lipoxygenase (4, 11, 12) . Apigenin has shown potential to inhibit growth in several human cancer cells, including breast, colon, skin, thyroid, leukemia, and prostate (8 -10, 13 -15) . These cell inhibitory effects are mediated via cell cycle arrest and induction of apoptosis. The molecular targets of apigenin-mediated cell growth inhibition and apoptosis are through activation of caspases, inhibition of fatty acid synthase, topoisomerase inhibition, nuclear factor-nB inhibition, and modulation in Bax and Bcl-2 ratio (15 -18) .
An event that frequently accompanies human cancer development is deregulation of the cell cycle machinery. Normal eukaryotic cells progress through the cell cycle in a regulated manner because of a cascade of biochemical events that coordinates the transition of cells from one phase to another (19) . A series of events must be completed before entry of cells into S phase. These events include elevations in D-type cyclins (D1, D2, and D3) and cyclin E levels in early and late G 1 phase of the cell cycle. D-type cyclins form complexes with cyclin-dependent kinase (cdk) 2, cdk4, or cdk6 and promote cell cycle progression by phosphorylation of the tumor suppressor protein retinoblastoma (Rb), which is required for entry into S phase (19, 20) . G 1 -phase cdks are positively regulated by cyclins and cdks and negatively regulated by cdk inhibitors such as WAF1/p21, KIP1/p27, and the INK4 family proteins (21) . In addition to Rb, another tumor suppressor gene, p53, is also required for maintenance of G 1 checkpoint controls. Wild-type p53 is a transcription factor whose halflife increases after DNA damage (19 -21) . As a result, p53 transcriptionally activates the WAF1/p21 promoter, resulting in increase in WAF1/p21 protein levels (21, 22) . WAF1/ p21 also forms complexes with G 1 cyclin-cdks and inhibits their kinase activity (23) . This mechanism allows cells to stop and repair DNA defects before DNA replication occurs in the S phase. An ideal chemopreventive agent may have direct effects on the cell cycle regulatory molecules.
Apigenin is a potent inhibitor of several protein tyrosine kinases, including epidermal growth factor receptor and src tyrosine kinase (24) . Apigenin has also been shown to inhibit activation of phosphatidylinositol 3-kinase, protein kinase B/Akt, mitogen-activated protein kinase/extracellular signal-regulated kinase 1/2, casein kinase-2, and other upstream kinases involved in the development and progression of cancer (24 -27) . Despite growing interest in apigenin as a chemopreventive agent, the mechanisms by which it induces cell cycle arrest and apoptosis remain incompletely understood. Several groups, including our laboratory, have investigated the molecular mechanisms of apigenin-mediated cell cycle arrest in cell culture systems (9, 10, 14, 18) . It has been shown that apigenin can inhibit cyclin and cdks in vitro and can up-regulate the endogenous cdk inhibitors (i.e., WAF1/p21 and KIP1/p27), and that this up-regulation is associated with loss in G 1 cdk activity, Rb dephosphorylation, and p53 stabilization (18) . However, the exact relevance of these molecules during pharmacologic intervention with apigenin has not been elucidated. We studied the efficacy of p.o. intake of apigenin on the growth of human prostate cancer cells in vivo as xenografts in immunodeficient mice to evaluate whether the cell cycle regulatory proteins that are critical for driving prostate cancer cells through G 1 checkpoints may be potential molecular targets of apigenin action.
Materials and Methods

Materials
Androgen-sensitive human prostate carcinoma 22Rv1 and androgen-insensitive PC-3 cells were obtained from American Type Culture Collection (Manassas, VA). Apigenin (>95% purity) was obtained from A.G. Scientific, Inc. (San Diego, CA). M30-Apoptosense ELISA kit was purchased from Alexis Biochemicals (San Diego, CA). Fetal bovine serum was obtained from Life Technologies (Gaithersburg, MD). Antibodies recognizing full-length poly(ADP)ribose polymerase and its cleaved product, phospho-p53 (Ser   15   ) and anti-p-Rb (Ser 780 ), were purchased from Cell Signaling Technology (Fremont, CA). Monoclonal antibodies for WAF1/p21, KIP1/p27, INK4a/p16, INK4c/p18, cyclin D1, cyclin D2, cyclin E, cdk2, cdk4, cdk6, and p53 recognizing both mutant and wild-type protein were obtained from Lab Vision Corporation (Fremont, CA).
Cell Culture and Treatments Human prostate carcinoma 22Rv1 and PC-3 cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, and 1% penicillin and streptomycin. Cells were maintained at 37jC in a humidified CO 2 incubator. Logphase growing cells (60% confluent) were treated with apigenin (10, 20, 40 , and 80 Amol/L) dissolved in DMSO (maximum concentration, 0.1%) in complete culture medium for 24 hours. The cells were trypsinized thereafter, washed twice with cold PBS, and centrifuged. The pellet was resuspended in 50 AL cold PBS and 450 AL cold methanol for 1 hour at 4jC. The cells were centrifuged at 1,100 rpm for 5 minutes, the pellet was washed twice with cold PBS, suspended in 500 AL PBS, and incubated with 5 AL RNase (20 Ag/mL final concentration) for 30 minutes. The cells were chilled over ice for 10 minutes and stained with propidium iodide (50 Ag/mL final concentration) for 1 hour and analyzed by flow cytometry.
Animals Approximately 8-week-old male athymic nude mice (weighing 28 F 3 g) were obtained from Ireland Cancer Center and housed at the Association for Assessment and Accreditation of Laboratory Animal Care-accredited athymic nude mice facility of Case Western Reserve University. The animals were fed with the autoclaved Teklad 8760 highprotein diet and tap water ad libitum throughout the study.
Tumor Implantation Approximately 1 million 22Rv1 and PC-3 cells suspended in 0.05 mL medium and mixed with 0.05 mL Matrigel were s.c. injected in the left and right flank of each mouse to initiate tumor growth. After implantation, the animals were kept under supervision for growth of tumor.
Apigenin Feeding Apigenin (10 mg) was suspended in 1 mL vehicle material (0.5% methyl cellulose and 0.025% Tween 20) by sonication for 30 seconds at 4jC and further diluted for appropriate concentration. Apigenin, 20 and 50 Ag/mouse/ d (w/v), was administered by gavage in 0.2 mL of a vehicle consisting of 0.5% methyl cellulose and 0.025% Tween 20, daily for 8 weeks throughout the study.
Experimental Design
To determine the effect of apigenin on prostate tumor growth, 22Rv1 tumors were grown s.c. in athymic nude mice as previously described (28) . Two weeks after cell inoculation, animals were divided into three equal groups of six mice each. The first group received only 0.2 mL vehicle material by gavage daily and served as a control group. The second and third groups of animals received 20 and 50 Ag/mouse/d doses of apigenin in vehicle for 8 weeks, respectively. Similar treatment protocol was followed for PC-3 tumors. In all the experiments, animals were monitored daily and their body weights were recorded weekly throughout the studies. Once the tumor xenografts started growing, their sizes were measured twice weekly in two dimensions with calipers. At the termination of the experiment, tumors were excised and wet weights of tumors were recorded.
Apoptosis by ELISA Apoptosis was assessed in tumor lysates by M30-Apoptosense ELISA kit (Alexis Biochemicals) according to the protocol of the manufacturer and color developed was read at 450 nm against the blank, and values were plotted against standards provided and expressed as units per liter.
Western Blotting
For Western blotting, appropriate amounts of cell lysates (25 Ag protein) were resolved over 4% to 20% Tris-glycine polyacrylamide gel and then transferred onto the nitrocellulose membrane. The blots were blocked using 5% nonfat dry milk and probed using appropriate primary antibodies in blocking buffer overnight at 4jC. The membrane was then incubated with appropriate secondary antibody horseradish peroxidase conjugate (Amersham Life Sciences, Inc., Arlington Heights, IL) followed by detection using chemiluminescence ECL kit (Amersham Life Sciences). For equal loading of protein, the membrane was stripped and reprobed with anti-h-actin antibody. Densitometric measurements of the bands in Western blot analysis were done using digitalized scientific software program UN-SCAN-IT purchased from Silk Scientific Corporation (Orem, UT).
Immunoprecipitation Cell lysate (200 Ag) was immunoprecipitated with 2 Ag appropriate primary antibody and was incubated at 4jC for 3 hours. Protein A/G agarose beads (20 AL) were added and incubated overnight at 4jC. Immunoprecipitated proteins were washed four times with lysis buffer, electrophoresed by SDS-PAGE, and analyzed by Western blotting as previously described (29) .
High-Performance Liquid Chromatography Analysis Serum samples (0.2 mL) and tissue homogenate from the various experimental groups were deproteinized by adding 0.4 mL methanol, vortex-mixed for 60 seconds, and centrifuged at 2,200 Â g for 15 minutes at 4jC. The supernatant (0.6 mL) was collected into the tube and evaporated to dryness by vacuum freeze drying. The residue was dissolved in 200 AL methanol and chromatographically analyzed by high-performance liquid chromatography system. Analytic reversed-phase high-performance liquid chromatography was done for apigenin estimation on a Waters 600 system, Amphotech, Ltd. (Beverly, MA), connected to a Waters UV detector set at 349 nm using a Vydac 250 mm, 5 Am C18 columns. The mobile phase consisting of 2% formic acid-acetonitrile-methanol (40:35:25) was run at a flow rate of 1 mL/min. Apigenin concentrations in serum samples were calculated based on the sum of the area of each diastereomer peak and compared with the standard curve.
Statistical Analysis Changes in tumor volume and body weight during the course of the experiments were visualized by scatter plot. Differences in tumor volume (mm 3 ) and body weight at the termination of the experiment among three treatment groups were examined using ANOVA followed by Turkey multiple comparison procedure. Additionally, 22Rv1 and PC-3 tumor volumes were compared using unpaired t test. All tests were two-tailed and P values <0.05 were considered to be statistically significant.
Results
Apigenin Causes Cell Cycle Arrest at G 0 -G 1 Phase in Prostate Carcinoma Cells
In the first experiment, we examined the effect of apigenin on the cell cycle perturbations. (Table 1 ). This increase in G 0 -G 1 cell population was accompanied with a concomitant decrease of cell number in S-phase and G 2 -M phase in both cell Table 1 ). The extent of sub-G 1 accumulation was more pronounced in 22Rv1 cells than in PC-3 cells. Taken together, these data suggest that essentially similar mechanism of apigenin-mediated cell cycle arrest and apoptosis occurs in both androgen-sensitive 22Rv1 and androgeninsensitive PC-3 cells and cell cycle regulatory molecules operative at G 1 -checkpoint, which may be essential targets of apigenin.
Apigenin Intake Inhibits the Growth of Prostate Tumor Xenograft in Nude Mice
To study the effect of apigenin feeding on prostate tumor development, we used in vivo human prostate tumor xenograft derived from 22Rv1 and PC-3 cancer cells in nude mice (Fig. 1A) . In vehicle-treated controls, progressive tumor growth was observed during 8 weeks of study period and tumor mass became visible and measurable at day 9 of 22Rv1 cells implantation and day 13 of PC-3 cell implantation, respectively. Compared Figure 1 . Effect of p.o. intake of apigenin on tumor growth and apoptosis in athymic nude mice implanted with 22Rv1 and PC-3 tumors. A, f1 million cells were injected in both the flanks of each mouse to initiate ectopic prostate tumor growth as described in Materials and Methods. Mice were fed ad libitum with Teklad 8760 autoclaved high-protein diet. Apigenin was provided with 0.5% methyl cellulose and 0.025% Tween 20 as vehicle, to these animals p.o. on a daily basis 2 wks after cell inoculation. Group I, control received 0.2 mL vehicle only; group II, 20 Ag/mouse apigenin in 0.2 mL vehicle; group III, 50 Ag/mouse apigenin in 0.2 mL vehicle, daily for 8 wks. Once the tumor xenograft started growing, their sizes were measured twice weekly in two dimensions throughout the study. Tumor volume (mm 3 ) is represented as mean of 8 to 10 tumors in each group. Results show tumor volume from control and treated groups after 1, 4, and 8 wks of apigenin feeding. Tumors were excised, weighed, and measured at the termination of the study.
Columns, mean of 8 to 10 tumors from each group; bars, SE. B, tumors were harvested for extraction of total protein to determine the extent of apoptosis by M-30 apoptosense ELISA assay and Western blotting by cleavage of poly(ADP)ribose polymerase in various groups as described in Materials and Methods. Columns, mean of six to eight tumor samples in each treatment; bars, SE. c, P < 0.05; b, P < 0.001 at the termination of the experiment.
with control, 20 and 50 Ag/mouse/d apigenin treatment to nude mice beginning 2 weeks after tumor implantation, tumor volumes were reduced by 39% and 53% (P < 0.01 and 0.002), and wet weights of tumor by 31% and 42% (P < 0.05), respectively, at the end of the studies. Almost similar effects were noted in PC-3 tumors where 20 and 50 Ag/mouse/d apigenin treatment for 8 weeks resulted in 32% and 51% inhibition in tumor growth, and wet weight tumors by 28% and 40% compared with vehicle-treated controls (Fig. 1A) . Overall, apigenin elicited a marked dose-dependent inhibitory effect on tumor xenograft that remained constant up to termination of the experiment.
We also determined the body weight gain and diet consumption profiles of control and apigenin-fed animals. These variables are reflective of the gross toxicity of a test agent. In apigenin-fed mice, body weight gain and diet consumption profiles were almost comparable with the vehicle-treated control group. A modest difference remained between the control and apigenin-treated groups, which was attributed to the reduced tumor volume and weight (data not shown).
Oral Intake of Apigenin Induces Apoptosis in Tumor Xenograft in Nude Mice
Previous studies have shown that apigenin has potential to induce apoptosis in cancer cells in vitro; therefore, we evaluated the effect of apigenin feeding on induction of apoptosis in tumor xenografts. As shown in Fig. 1B, p. o. intake of apigenin at doses of 20 and 50 Ag/mouse/d for 8 weeks after tumor implantation resulted in marked induction of apoptosis in both 22Rv1 and PC-3 tumor xenografts as shown by M-30 apoptosome reactivity. Compared with vehicle-treated control, 1.9-and 3.0-fold increases (P < 0.0001) in induction of apoptosis was observed in 22Rv1 tumors. In PC-3 tumors, 1.7-and 2.9-fold increase (P < 0.0001) in the induction of apoptosis was observed after 20 and 50 Ag/mouse/d of apigenin feeding. Similar results were noted in tumor xenografts where apigenin feeding led to significant dose-dependent increases in the cleaved product of poly(ADP)ribose polymerase in both types of tumor xenograft (Fig. 1B) .
Apigenin-Mediated Tumor Growth Inhibition and Apoptosis Correlates with Mouse Serum and Tumor Apigenin Levels
Next, we determined the levels of apigenin in serum and evaluated whether these levels correlate with tumor growth inhibition and induction of apoptosis. Assessment of the levels of apigenin in the serum of apigeninfed mice was done by a standard high-performance liquid chromatography profile as previously reported (28) . Animals in the vehicle-treated control exhibited nondetectable levels of apigenin in serum and tumor tissue. As shown in Fig. 2 , apigenin feeding at 20 and 50 Ag/mouse/d for 8 weeks to 22Rv1 tumor-implanted mice resulted in 0.78 F 0.02 and 1.06 F 0.04 Amol/L apigenin in serum and 0.30 F 0.02 and 0.62 F 0.04 Amol/g tumor (P < 0.0001), respectively. In PC-3 tumors, apigenin intake at 20 and 50 Ag/mouse/d resulted in 0.80 F 0.02 and 1.1 F 0.03 Amol/L apigenin in serum and 0.32 F 0.01 and 0.66 F 0.03 Amol/g tumor (P < 0.0001), respectively (Fig. 2) . The increase in apigenin concentration in the serum and tumors of apigenin-fed mice positively correlated with inhibition of tumor growth and induction of apoptosis.
Apigenin Intake Increases Protein Levels of Cdk Inhibitors inTumor Xenograft in Nude Mice
Next, we evaluated the effect of dietary intake of apigenin on the protein levels of various cdk inhibitors operative at the G 1 checkpoint. These cdk inhibitors include the CIP/KIP and INK4 family of proteins. As shown in Fig. 3A , daily p.o. intake of apigenin at doses of 20 and 50 Ag/mouse/d administered to 22Rv1-implanted nude mice exhibited dose-dependent increases in the protein expression of WAF1/p21, KIP1/p27, INK4a/p16, and INK4c/p18, compared with vehicle-treated controls. Similar Apigenin levels in serum and tumors were detected by high-performance liquid chromatography analysis as described in Materials and Methods. Columns, five to six serum and tumor samples from various groups; bars, SE. b, P < 0.001; ND, nondetectable. (Fig. 3A) .
Oral Intake of Apigenin Increases p53 Expression and Decreases Rb Phosphorylation in Tumor Xenograft of Nude Mice
Tumor suppressor genes p53 and Rb are required for maintenance of proper checkpoint controls in G 1 phase of cell cycle; therefore, we evaluated the effect of apigenin intake on the levels of these proteins. As shown in Fig. 3B , daily p.o. intake of apigenin at 20 and 50 Ag/mouse/d administered to nude mice resulted in a dose-dependent increase in the expression of wild-type p53 protein, in 22Rv1-implanted tumors, which harbor functional p53. Wild-type p53 is a short-lived protein and its induction in response to cellular stress is followed by posttranslational modifications, such as phosphorylation and acetylation of critical serine residues. To examine the mechanism by which apigenin mediate increase in p53 levels, we determined the phosphorylation status of p53 at most common site of serine 15 residue, which has been shown to increase the half-life of this protein. Apigenin feeding resulted in dose-dependent increase in phosphorylation of p53 at serine 15 residue in 22Rv1-implanted tumors. In addition, apigenin feeding to nude mice implanted with 22Rv1 tumors resulted in a dose-dependent decrease in Rb phosphorylation at serine 780. In contrast, PC-3-implanted tumors, which are p53 null cells, did not exhibit any alteration in p53 expression (data not shown). However, a dose-dependent decrease at serine 780 phosphorylation of Rb was observed in apigenin-fed tumors compared with vehicle-treated control (Fig. 3B) .
Apigenin Intake Decreases Protein Expression of Cyclins and Cdks inTumor Xenograft of Nude Mice
Next, we assessed the protein expression of the cyclins and cdks, which are operative in the G 1 phase, to determine whether their levels are altered after apigenin feeding. As shown in Fig. 4A and B, p.o. intake of apigenin at doses of 20 and 50 Ag/mouse/d administered to 22Rv1-implanted nude mice for 8 weeks resulted in dose-dependent decreases in the protein expression of cyclins D1, D2, and E, which positively correlated with the decreased expression of cdk2, cdk4, and cdk6, compared with vehicle-treated controls. Similar results were noted in mice with PC-3 tumors; apigenin intake resulted in dose-dependent decreases in the protein expression of cyclins D1, D2, and E with corresponding decreases in the levels of cdk2, cdk4, and cdk6 proteins after 8 weeks of apigenin feeding (Fig. 4A and B) .
Oral Intake of Apigenin Modulates Binding of Cyclins, Cdks, and Cdk Inhibitor of Tumor Xenograft in Nude Mice
Normal progression of cells through the cell cycle requires a balance between each component of the cdk inhibitor -cyclin-cdk complex. We therefore investigated the effect of apigenin feeding on the binding between WAF1/p21-cyclin D1, KIP1/p27-cyclin D1, and cdk2-cyclin E. In this study, one of the two proteins was immunoprecipitated using an appropriate antibody and the effect on the binding was assessed by probing the immunoblot using antibody directed against the other protein. As shown in Fig. 5, p. o. intake of apigenin at 20 and 50 Ag/mouse/d administered to nude mice for 8 weeks implanted with 22Rv1 tumors resulted in a dose-dependent increase in the binding of cyclin D1 toward WAF1/p21 and KIP1/p27. Apigenin intake also resulted in a dose-dependent decrease in the binding of cyclin E toward cdk2 in 22Rv1 tumors, compared with vehicle-treated controls. Similar results were noted in PC-3-implanted tumors in which apigenin intake for 8 weeks resulted in dose-dependent increase in the binding of cyclin D1 toward WAF1/p21 and KIP1/p27 along with decrease in the binding of cyclin E toward cdk2, respectively (Fig. 5 ).
Discussion
The use of naturally occurring dietary agents is becoming increasingly appreciated as an effective means of managing many types of cancer in an approach known as cancer chemoprevention (1, 2) . Among these natural dietary agents, flavonoids, a constituent of different classes of food and beverages, have been intensely studied in recent years. Apigenin is a common dietary flavonoid widely distributed in many fruits and vegetables, including parsley, onions, oranges, tea, chamomile, wheat sprouts, and some seasonings (10, 11) . Apigenin has shown considerable promise as a chemopreventive agent because it produces a wide variety of effects in cell culture systems and in several animal tumor model systems (3 -18) . Recent studies suggest that apigenin may also possess therapeutic effects (11, 28, 29) . Apigenin is a particularly attractive agent due to its limited toxicity, wide availability, and its differential effects on normal versus cancer cells (30) . Importantly, at physiologically attainable concentrations, apigenin induces cancer cells to undergo apoptosis, without a similar effect on normal cells (30) . Previous studies in our laboratory and elsewhere have shown that apigenin promotes cell cycle arrest and apoptosis in several types of malignant cells (9, 10, 29, 30 ). The precise molecular mechanisms by which apigenin promotes these effects in preclinical models of cancer have not been elucidated. Deciphering the molecular mechanisms by which apigenin imparts its antiproliferative effects may be important because it may lead to the development of new strategies for the management of cancer. We provide the first evidence that apigenin feeding to mice with prostate xenograft tumors reduces tumor mass, possibly by cell cycle arrest and induction of apoptosis.
In cancer, the cell cycle is frequently deregulated, contributing to tumorigenesis. Defects in cell cycle control occur through multiple mechanisms, which include (a) amplification or overexpression of D-type cyclins; (b) loss, Figure 4 . Effect of p.o. intake of apigenin on protein expression of (A) cyclins D1, D2, and E; and (B) cdk2, cdk4, and cdk6 in athymic nude mice implanted with 22Rv1 and PC-3 tumors. Tumors were harvested for extraction of total protein to determine the levels of these proteins by Western blotting and chemiluminescent detection. Numbers below the blots, fold modulation in the protein expression normalized to h-actin. The details are described in Materials and Methods. The blots are from three different tumors from various treated groups as indicated.
mutation, or methylation of the cdk4/6 inhibitor INK4a/ p16; (c) constitutive activation of cdk4 via mutation; (d) viral inactivation of WAF1/p21; (e) low expression of KIP1/p27; and (f) loss or mutation of the tumor suppressor genes Rb and/or p53 (ref. 31 and references therein). These oncogenic events confer a greater susceptibility for progression through the cell cycle. In eukaryotes, the cell cycle is governed by the activities of the cdks and their regulatory cyclin partners (19, 20) . The cdk-cyclin complex is activated at various checkpoints after specific intervals during the cell cycle and can be regulated by a number of exogenous factors. The cdks (cdk2, cdk4, and cdk6) involved in the G 1 progression are activated, in part, by the binding of D-type cyclins in early G 1 and cyclin E in late G 1 phase. Cyclin D complexes with cdk4 and cdk6 to generate an active kinase complex that phosphorylates a variety of cytoplasmic substrates, the most well characterized being the Rb tumor suppressor protein (20) . Cyclin E forms a complex with cdk2 to further phosphorylate Rb with the release of general transcription factor E2F-1, which then stimulates the transcription of genes involved in DNA replication (20, 21) . Our studies show that apigenin treatment cause cell cycle arrest at G 0 -G 1 phase along with sub-G 1 accumulation in both 22Rv1 and PC-3 cells. Further studies have shown that apigenin feeding to nude mice tumor xenograft resulted in significant decreases in the protein levels of cdks (cdk2, cdk4, and cdk6) and cyclins (D1, D2, and E) operative at the G 1 checkpoint, along with a decrease in Rb phosphorylation, leading to cell cycle arrest and subsequent apoptosis that is reflected by reduced tumor growth.
Cell cycle progression may be further regulated by activation or inhibition of phosphorylation of cdk-cyclin complex by small proteins known as cyclin kinase inhibitors. The cdk inhibitors include the CIP/KIP and INK family of proteins (21 -23) . Several cdk inhibitors have been shown to have a role in the regulation of G 1 -S progression (22, 30) . The cdk inhibitors function by binding to cyclin D-cdk complexes to inhibit their kinase activity.
Our studies indicate dose-dependent induction of WAF1/ p21 in apigenin-fed tumor xenografts. Many studies have shown that certain exogenous stimuli may result in a p53-dependent and p53-independent induction of WAF1/ p21, which, in turn, may trigger a series of events ultimately resulting in cell cycle arrest and/or apoptosis (32, 33) . Our data showing an induction of WAF1/p21 by apigenin seems to be transcriptionally up-regulated in p53-dependent fashion via posttranscriptional phosphorylation of p53 at serine 15 in 22Rv1 tumors (harboring wildtype p53) and p53-independent up-regulation in PC-3 tumors (with null p53). Similar studies in cell culture have shown that apigenin activates the WAF1/p21 promoter dependent on p53-binding elements (34) . In addition, apigenin has been shown to stimulate expression of WAF1/p21 mRNA and protein in a p53-independent manner (35) . Therefore, apigenin seems to be capable of exerting its effect on cancer cells with or without p53 mutations. Further studies are required to elucidate the precise molecular targets of apigenin, in particular with regard to p53 activation and stabilization.
A number of reports in the literature have shown that cdk inhibitor KIP1/p27 functions as an integral break during cell cycle progression (36) . Similarly, the INK4 family members, especially INK4a/p16 and INK4c/p18, have also been implicated in the regulation of cell cycle progression at the G 1 -to-S transition via inhibiting cdk4 and/or cdk6 (37) . Our studies have shown that apigenin may impart growth inhibition in both androgen-sensitive 22Rv1 and androgen-insensitive PC-3 tumors, via cell cycle deregulation involving all major cdk inhibitors of G 1 phase.
Cell cycle regulatory molecules (cdk, cyclins, and cdk inhibitors) are believed to be critical regulatory elements that control the progression of cells in early and late G 1 phases of the cell cycle (20) . Many studies have shown that cells treated in culture respond by modulation of cdk activity but did not show direct binding to suspected kinase targets (refs. 25, 38, 39 and references therein). Although apigenin has been shown to modulate protein levels of various cdk molecules in cell culture, the precise molecular targets of apigenin during pharmacologic intervention are presently unknown. Our data, showing a decrease in the protein levels of cyclins (D1, D2, and E) and the cdks (cdk2, cdk4, and cdk6) after apigenin feeding in both tumor types, are in agreement with the observation that the cdks and cyclins operate in association with each other by forming complexes that may bind to and are inhibited by cdk inhibitors. These series of events act in concert with the effects of p53: The increase in the levels of WAF1/p21 and KIP1/p27 and apigenin-mediated decrease in phosphorylation of pRb likely leads to growth arrest and apoptosis in tumor xenografts. The schematic representation is shown in Fig. 6 .
Epidemiologic data shows that diets rich in flavonoids are associated with decreased incidence of certain cancers, suggesting that ingested flavonoids play an important role in delaying or inhibiting cancer progression (40) . Consumption of traditional Asian diet rich in plant flavonoids profoundly decreases the risk of some diseases in Asian countries compared with Western nations (41) . The potential contribution of flavonoids to the cancer-preventive effects of Asian diets depends on the daily intake and uptake of these agents. A recent study on rats after a single p.o. dose of apigenin has shown a high-elimination half time (f90 hours), suggesting that frequent consumption may result in accumulation of flavonoids in plasma and tissues (42) . Studies have further shown that upon absorption, the flavonoids are metabolized by methylation or by conjugation with gluconate or sulfate via dual recycling involving both enteric and enterohepatic pathways (43, 44) . Our in vivo mouse studies have shown that continuous apigenin feeding decreased tumor mass and increased apoptosis in tumor xenografts, suggesting apigenin uptake that remains biologically active after ingestion. Importantly, the dose-dependent inhibition of tumor volume and apoptosis positively correlates with higher serum and tumor apigenin levels.
The average intake of flavonols and flavones range from 6 mg/d in Finland to 64 mg/d in Japan with intermediate intakes in the United States (13 mg/d), Italy (27 mg/d), and the Netherlands (33 mg/d). These estimates are based on the analyses of five flavonoids, including apigenin, in composite food samples for population in the seven countries study (45) . The concentrations of apigenin used in our studies are pharmacologically attainable in humans in terms of total flavones/flavonols consumption. The dose of 20 Ag/mouse/d relates to the median apigenin intake (40-50 mg/d) and the higher dose of 50 Ag/mouse/d apigenin is comparable with an intake of f120 mg/d of apigenin by an adult (46) . Taken together, these studies support the notion that apigenin may impart a broad spectrum of biological and chemopreventive effects by affecting a number of molecular targets that influence cell cycle progression and apoptosis. 
